Using zeotropic mixtures as working fluids can improve the thermal efficiency of Organic Rankine cycle (ORC) power plants for utilising geothermal energy. However, currently, such ORC systems cannot regulate the composition of zeotropic mixtures when their operating conditions change. A compositionadjustable ORC system could potentially improve the thermal efficiency by closely matching the cycle to the changing ambient conditions provided that the composition of the working fluid mixture can be adjusted in an economic way. In this paper, a dynamic composition control strategy has been proposed and analysed for such a composition-adjustable ORC system. This method employs a distillation column to separate the two components of the mixture, which can then be pumped back to the main ORC system to adjust the composition of the zeotropic mixture to the required level according to the ambient temperature. The dynamic composition control strategy is simulated using an optimisation algorithm. The design method of the distillation column is presented and its dynamic response characteristics have been analysed using Aspen Plus Dynamics. The results indicate that the average power output can be significantly improved using a composition-adjustable ORC system when the ambient temperature decreases. The size of the distillation system is relatively small and its energy (mainly thermal) consumption is only around 1% of the system's input heat. The research results also show that the dynamic response characteristics of the distillation system can satisfy the requirements of the ORC system.
Introduction
Low-temperature heat energy sources are abundant globally, but are largely underutilised at present. For instance, a huge amount of geothermal energy sources are available in the temperature range between 80 and 120 C [1, 2] . The organic Rankine cycle (ORC) is a promising technology for power generation from such low-temperature heat sources. Although the market for ORC power generation equipment is growing rapidly, the installed capacity of ORC systems is still very low so far. One of the barriers is their relatively low thermal efficiency, and consequently a long payback period. Therefore, it is critical to improve the thermal efficiency of ORC power plants to facilitate their uptake.
When a zeotropic mixture is used as the working fluid for an ORC system, it differs from pure working fluids which stay at a constant temperature during their phase changing processes, in that a temperature glide will take place during the evaporation and condensation processes, which can enhance the level of temperature profile match in the heat exchangers such as evaporators and condensers [3] . Considerable efforts have been made to study ORC systems using zeotropic mixtures as working fluids. In the 1990s, a theoretical analysis by Angelino et al. indicated that using zeotropic mixtures as working fluids could improve the thermal efficiency of an ORC [4] . Aiming at low-temperature geothermal power generation, Habka and Ajib revealed that a zeotropic mixture is better than the corresponding pure fluids [5] . Kang analysed the performance of an ORC with 10 binary mixtures of HFC/HC and HFO/HC [6] . The results indicated that the maximum net power output corresponding to an optimal mixture composition with a highest temperature glide. Radulovic et al. studied the effect of composition variation of mixtures R143a/R124 and R143a/RC318 on the system performance of a supercritical ORC and the cycle efficiency could be improved by 15% in comparison with pure R143a [7] . Yang et al. analysed eight different zeotropic mixtures for ORC systems to recover energy from the waste heat carried by the exhaust gases of an internal combustion engine and R145b showed a maximum exergy efficiency of 39.88% [8] . Li et al. studied the performance of an ORC using a zeotropic mixture as working fluid for energy recovery from industrial flue gases. It is found that the thermal efficiency could be improved if a suitable composition is chosen, but one drawback was that the heat transfer areas of the evaporator and the condenser had to be increased [9] . Chaitanya et al. investigated the thermodynamic performance of an ORC with ternary alkane mixtures for small solar power generation applications. The results indicated that zeotropic mixtures could improve the system's efficiency and reduce its expander size [10] .
For an ORC system using a zeotropic mixture as working fluid, the optimal composition corresponding to the maximum thermal efficiency strongly depends on the temperature of heat source [11, 12] . A research by Chys et al. showed that a better performance could be obtained with a zeotropic mixture when the heat source temperature is relatively lower [13] . Harvig et al. reported that the selection of the optimal composition must ensure the critical temperature of the zeotropic mixture is around 30e50 C below the heat source temperature. Furthermore, the temperature glide in the condenser should be close to the temperature increment of the cooling fluid [14] . Using a suitable zeotropic mixture with an optimal composition is critical for optimising an ORC system. If a zeotropic mixture is selected improperly, the system performance may be even lower than that of the ORC system using the corresponding pure working fluids [15, 16] .
Since a huge amount of geothermal energy exists with a relatively low temperature, it is important to comprehensively evaluate the feasibility of using zeotropic mixtures for low-temperature geothermal power plants. So far, most of investigations indicated that using zeotropic mixtures could improve the system performance of ORC systems. Desideri and Bidini compared an ORC system with conventional single flash/binary flash power plant and reported that using ORC could harness geothermal energy more efficiently [17] . To improve degree of match of temperature profiles within the evaporator and condenser of a geothermal ORC system, Yue et al. used a zeotropic mixture of isobutane and isopentane as working fluid and the system's thermal efficiency was improved [18] . For a heat source with a temperature below 120 C, Heberle et al. reported that the system efficiency could potentially be improved by 15% using isobutane/isopentane and R227ea/R245fa as working fluids, instead of pure working fluids [19] . Another investigation for low-temperature geothermal power plants by Liu et al. also showed that an ORC power plant using a mixture of isobutane and isopentane could produce 4e11% more power than using pure isobutane [20] .
It is therefore important to further explore methods that can improve the efficiency of ORCs using zeotropic mixtures as working fluids. Andreasen et al. proposed a split evaporation concept for low-grade heat sources. A separator is installed at the outlet of the recuperator to improve the boiling process [21] . Liu et al. discussed the effect of temperature glide during the condensing process and found that such a temperature glide should be matched with the temperature profile of the cooling fluid [22] . Li et al. used a liquidseparated condenser for an ORC using a zeotropic mixture of R600/ R601a [23] . It is reported that this method could improve the heat transfer coefficient of the condenser evidently. Thus, the area and cost of the condenser using zeotropic mixture can be decreased significantly.
On the other hand, various optimisation algorithms were employed for simulating different ORC systems [24, 25] . To maximise the thermal efficiency, Victor et al. used a simulated annealing algorithm to calculate the optimal composition of zeotropic mixture [26] . Based on a multi-objective optimisation method, a series multi-stage ORC system was found to be better than a parallel multi-stage ORC system when zeotropic mixtures were used as working fluids [27e29]. However, once the optimal composition is determined, the above-mentioned methods cannot alter it during the operation.
For a conventional geothermal power plant, the design point is normally selected according to the maximum ambient temperature in summer. However, the ambient temperature changes with time and seasons, leading to a variation in the exergy of the geothermal brine. Collings et al. proposed a method to tune the composition of an air-cooled ORC system according to the ambient temperature using a distillation system, but the model and detailed simulation of the distillation were not provided [30] . Wang et al. studied the performance of a Kalina cycle using a separator to adjust the composition of ammonia-water mixture [31] . Both methods indicated that the annual average thermal efficiency could be significantly improved. However, these investigations did not consider the dynamic response time during the composition tuning operation. Response time is the time that a system takes to react to a given input. The composition of zeotropic mixture must be adjusted in response to the ambient temperature. If the dynamic response time of the composition tuning system is larger than the variation time of the ambient temperature, the practical composition value of the zeotropic mixture will deviate from the optimal value and thus the system performance will be deteriorated. Moreover, the optimal size of the distillation system and its power consumption remain unknown, and thus further investigation is needed.
In this paper, the energy efficiency of a composition-adjustable ORC with a distillation system is analysed using a steady state optimisation code. A dynamic composition control strategy is then proposed to compute the time needed for the required composition adjustment. Based on this strategy, a design method for the distillation system is presented using Aspen Plus. Finally, a dynamic model of the distillation system is developed using Aspen Plus Dynamics to study the dynamic response time. The results show that the average efficiency of the design ORC system can be improved significantly. Meanwhile, the designed composition control strategy can regulate the composition according to the changing ambient temperature and the response time of the distillation system can satisfy the requirements.
Operation principle of composition adjusting
The ORC system studied in this paper uses a zeotropic mixture for power generation from low temperature geothermal energy. Most zeotropic mixtures used for an ORC system are low boiling point alkanes or HFCs. Among these working fluids, a zeotropic mixture consisting of R134a and R245fa is considered suitable for low-temperature geothermal heat sources [30, 32] . Therefore, R134a and R245fa are used in this study and their thermodynamic properties are listed in Table 1 . Fig. 1 shows a T-x (i.e., temperature e mass fraction) diagram of zeotropic mixture composed of R134a and R245fa under an example pressure of 1.4 MPa. For the designed composition- adjustable ORC, the condensation pressure is constant while the evaporation pressure varies. It can be seen that the temperature glide between the bubble and dew lines is much smaller than that of ammonia/water mixture used in Kalina cycle (see Fig. 3 in Ref. [31] ). For instance, it is only 11.6 C when the mass fraction of R134a in the mixture is 0.4. Therefore, it is unsuitable to use a separator like the Kalina cycle to adjust the working fluid composition for the ORC with zeotropic mixture R134a/R245fa. Instead, a distillation system is used to separate these two components with different boiling points. Industrial distillation is normally performed in a vertical cylindrical column known as distillation column with several trays inside. The feed is supplied to the middle of the column. Due to the different volatility of the components in the zeotropic mixture, the distillation process separates the components by selective evaporation and condensation. The "lightest" product with the lowest boiling point exits from the top of the column and the "heaviest" product with the highest boiling point exits from the bottom of the column. More details of binary distillation process can be found in Ref. [33] .
Herein, the distillation process is illustrated in Fig. 2 . The mass fraction of R134a in Stream 7 is represented by x 7 . The saturated liquid state at the inlet of the distillation column is denoted by Point 7. In the distillation column, equilibrium between liquid and gas mixtures under different temperatures occurs at each stage. At the top of the distillation column, Stream 8a with an R134a mass fraction of x H is produced. At the bottom, Stream 9a contains an R134a mass fraction of x L .
As shown in Fig. 3 , differing from a conventional ORC system, it has a composition control subsystem that can adjust the composition of working fluid mixture within the ORC cycle in situ. The composition control system consists of Pump 2, Tank 2, Distillation Column, Valve 1 and Valve 2, Tank 3, Tank 4, Pump 3, and Pump 4.
Pump 1 extracts the zeotropic mixture from the condenser and pressurises it to the evaporating pressure. The mixture absorbs heat energy from geothermal brine in the evaporator and turns into high-pressure vapor. After expanding in the turbine to produce power, it condenses in the air-cooled condenser and turns into saturated liquid that flows into Tank 1. The composition control system can adjust the composition of the zeotropic mixture according to the ambient temperature. First, the composition control strategy calculates the required mass flow rate of Stream 6a that Pump 2 draws out from Tank 1 to Tank 2. The working fluid accumulates in Tank 2 for a fixed period of time. Pump 3 then delivers a certain amount of working fluid as determined by the composition control strategy to the distillation column. At its outlets, the zeotropic mixture is separated into two streams. Stream 8 contains high-purity low boiling point fluid (i.e., R134a), while Stream 9 contains high-purity high boiling point fluid (i.e., R245fa). These two streams flow to Tanks 3 and 4, respectively. In the meantime, the composition control strategy also determines the required mass flow rates of Steams 10 and 11. Then, Pumps 4 and 5 pump the corresponding mass flow rates to the mixer to compensate the working fluid mixture that has been extracted from the ORC power system. Valves 1 and 2 are used to control the mass flow rates at the outlets of the distillation column (see Section 5.2). In this way, the composition of the working fluid mixture in the ORC can be regulated. A density sensor installed at the inlet of Pump 1 can monitor the density of the zeotropic mixture. Based on the measured density, working pressure, and temperature, the composition can be determined.
Since the proposed composition-adjustable ORC system is developed for utilising low-temperature heat sources, the working temperature inside the reboiler of the distillation column may be higher than that of the heat source. In these particular cases, the reboiler may be heated using other heat sources. In this study, the energy consumption of the reboiler is evaluated in Section 5.
Once the system is designed and built, the size of the turbine and the heat transfer area of all the heat exchangers are fixed. The composition of the working fluid is adjusted by the distillation system. The operating pressure at the inlet of the turbine is regulated by the mass flow of Pump 1 and the load to the turbine. The operating temperature at the outlet of the condenser is controlled by the mass flow of the fans. Unlike the theoretical analysis in this paper, in practice, the system operation conditions may differ from the optimal points, and therefore the entire control system should regulate the above relevant parameters accordingly. In addition, monitoring and protection systems will normally be designed to avoid potential damages under some abnormal operation conditions. The main working processes of the composition-adjustable ORC system are shown in Fig. 4 . The blue and green dashed lines represent the bubble and dew lines at the high/low pressure side, respectively. The magenta solid lines denote the main working process of the ORC system 1-2-3-4-1. For the zeotropic mixture, the temperatures of the evaporating process 2e3 and the condensing process 4-1 are not constant. Processes 7e8 and 7e9 corresponds the distillation process. In fact, it should be denoted by a series of stepped lines similar like that in Fig. 2 . Here, they are simplified by two red dashed lines. The mixing process in the mixer is depicted by 10-2 0 , 11-2 0 , and 2-2'. State 2 0 represents the state at the outlet of Pump 1 for the next cycling where the composition of the working fluid may be changed.
The operation principle of the designed composition-adjustable ORC system can be explained in Fig. 5 . The turbine is assumed to be able to operate at variable pressure ratio with a constant efficiency.
When the ambient temperature is at a medium value, Point A represents the working state of the zeotropic mixture at the outlet of the air-cooled condenser, which is constrained by the pinch point temperature difference (PPTD) in the condenser. On the other hand, the temperature of the zeotropic mixture at the outlet of the evaporator is fixed at T 4 . The corresponding state is shown as Point D. If the ambient temperature drops, the mass fraction of R134a has to be increased. Point A shifts to Point B to keep the PPTD of the condenser unchanged. Accordingly, Point D moves to Point E to keep the temperature at the outlet of the evaporator at T 4 . Consequently, the working pressure at Point E is now greater than that of Point D, which can be controlled by Pump 1. If the ambient temperature rises, the mass fraction of R134a will be reduced so the working Point A will shift to Point C. The corresponding Point D will be changed to Point F by decreasing the output pressure of Pump 1. In summary, the condensation pressure of the zeotropic mixture keeps constant when the composition is regulated in response to the ambient temperature. Thus, the working fluid temperature at the outlet of the air-cooled condenser can be controlled. As the working fluid temperature at the outlet of the evaporator is limited by the heat source temperature, the evaporation pressure must be changed accordingly to keep the working fluid in a gaseous state. Therefore, the exergy efficiency of the ORC system as described above can be maximised by adjusting the pressure at the outlet of Pump 1 when the ambient temperature decreases. According to the working principle of the compositionadjustable ORC system, the condensation pressure of the zeotropic mixture should be greater than the ambient pressure to avoid air leaks into the ORC system. For a certain condensation pressure, the temperature range of the zeotropic mixture at the bubble line must match the variation range of the ambient temperature. On the other hand, the corresponding evaporation pressure of the zeotropic mixture should not be too high for safety. In addition, ideally, the zeotropic mixture should be not toxic, none-flammable, and cheap; and should have zero ODP and low GWP.
Improvement of energy efficiency
In this section, the improvement of energy efficiency by using composition adjustment is evaluated using a thermodynamic analysis method. The relationship between the optimal composition and the ambient temperature is obtained. In this analysis, the temperature of the geothermal brine is set to 100 C as a case study. A thermodynamic model similar to that of reference [31] is firstly developed in Matlab for the ORC system. The flow resistance and heat loss in the pipes are neglected to simplify the model. The operation pressure of the air-cooled condenser is set to 0.4 MPa. The saturated liquid state at the outlet of the condenser is specified based on the ambient temperature
The corresponding air temperature at the other outlet of the condenser is determined using a pinch-point analysis method.
The working fluid temperature at the outlet of the evaporator is set to
Accordingly, the working fluid temperature at the inlet of the evaporator can be obtained using a pinch-point analysis method.
The corresponding pressure at the outlet of the evaporator is determined by
The degree of superheat of Stream 4 at the inlet of the turbine is set as 5 C. Table 2 gives all the other parameters used in this model. To compare with the results of the composition-adjustable Kalina cycle, most of these parameters are chose as the same as Table 1 in Ref. [31] .
The thermal efficiency of the ORC is defined as
The exergy efficiency is calculated by
where dE is the exergy transferred from the geothermal brine to the zeotropic mixture in the evaporator. The mixer is assumed to be at static state. The detailed design of the mixer is beyond this paper.
The power consumption of Pump 1 will increase slightly due to the resistance of the mixer. Hence, the power consumption of the mixer is ignored in this study.
As the working load of the turbine and the heat exchangers will vary as the ambient temperature changes, the ORC system may work at the off-design points. In this respect, the sizes of the turbine, the evaporator, the condenser, and the pump must be specified according to their maximum loads. In this analysis, a pinchpoint analysis method is used for designing the evaporator and the condenser. Therefore, the heat transfer areas of these two heat exchangers are calculated according to the maximum values under various ambient temperatures. If the pinch-point temperature difference can satisfy with the working point with maximum heat load, it can also satisfy with the off-design points.
For the turbine, the calculated mass flow rate of the working fluid varies within a certain range (see Fig. 9(d) ) and the turbine will work at off-design points when the ambient is too low or too high. Normally, the isentropic efficiency of a turbine drops under off-design conditions. However, the efficiency of the turbine is relatively insensitive to the offset from its design point in highspeed conditions and it can be assumed to operate with a constant isentropic efficiency via controlling the speed of the turbine [34] . As the power consumption of Pump 1 is very small, the change of power consumption when it operates under off-design points can be neglected in this study. Therefore, the above model can be used to analysis the performance when the system operates under off-design conditions.
A set of hourly sampled temperature data of Berlin in 2016 is used to simulate the changing ambient condition for the composition-adjustable ORC system. Fig. 6 shows three curves of the ambient temperature in different seasons. The solid line shows a typical temperature variation in a day of spring (or autumn), while the dashed and the dash-dotted lines are for winter and summer, respectively. It can be seen that the highest temperature reaches 31 C in the summer while the lowest temperature reaches À1 C in the winter. The daily temperature variation is smaller in the winter than other seasons.
According to the ambient conditions as described above, the required composition of the zeotropic mixture is calculated using the model. The corresponding thermal and exergy efficiencies of the ORC system are then computed. The composition corresponding to the maximum thermal efficiency is denoted as the optimal composition under the ambient temperature. In this way, the The results are shown in Fig. 7 . The net power output of the ORC system is shown in Fig. 7(a) . In summer or spring/autumn, the net power output increases noticeably as the ambient temperature drops during the day. However, when the ambient temperature is below 0 C, the system's net power output decreases slightly because the power consumption of the fans of the air-cooled condenser rises dramatically due to the decrease of the specific heat capacity of air. In general, the ambient temperature is higher in summer, so the mass fraction of R134a is lower (in a range of 0.07e0.24) as shown in Fig. 7(d) . The system's thermal efficiency is also lower in the range of 7.29e8.53% as shown in Fig. 7(b) . The mass fraction of R134 increases in spring/autumn as the ambient temperature reduces. The system's thermal efficiency also rises noticeably. The ambient temperature decreases towards the minimum in winter, as a result, the mass fraction of R134a is adjusted to 0.64e0.88. Consequently, the system's thermal efficiency increases to the range of 11.7e13.28%. The mass flow of the working fluid mixture is shown in Fig. 7(c) , which varies slowly when the ambient temperature is in the range of 10 and 20 C. However, it decreases dramatically as the ambient temperature rises from 20 to 31 C because the mass fraction of R245fa with a specific heat capacity greater than R134a increases rapidly. Therefore, the overall specific heat capacity of the zeotropic mixture also rises, leading to a decrease of the required mass flow rate of the zeotropic mixture in the evaporator since mass flow rate of geothermal brine is fixed for these simulations. On the other hand, the mass flow rate of the zeotropic mixture also decreases when the ambient temperature is below 10 C because of a rapid increase of mass fraction of R134a having a smaller density. Fig. 8(a) shows the thermal efficiency of the compositionadjustable ORC as a function of the ambient temperature and the mass fraction of R134a in Stream 1. Each solid line represents the thermal efficiency of the ORC as a function of the mass fraction of R134a for a given ambient temperature. It can be seen that the thermal efficiency of the ORC system increases as the mass fraction of R134a rises until an optimal value, and then decreases. Furthermore, as the ambient temperature decreases, the optimal mass fraction of R134a increases, while the corresponding maximum thermal efficiency increases. The optimal operation line (OOL) with maximum thermal efficiencies is obtained by connecting the optimal operating points for each given ambient temperature as shown by a dashed line in Fig. 8(a) . It can be seen that the optimal thermal efficiency strongly depends on both the ambient temperature and the mass fraction of R134a. As shown in Fig. 8(b) , the results of the exergy efficiency have a similar tendency. However, the exergy efficiency varies in a much narrower range than the thermal efficiency. Fig. 8(c) shows the achievable maximum thermal efficiency of the proposed ORC system as a function of the ambient temperature. For comparison, the results of the composition-adjustable Kalina cycle using ammonia/water mixture as working fluid studied in reference [31] are also presented in Fig. 8 (c) . It can be seen that the proposed ORC system can achieve higher thermal efficiencies than the composition-adjustable Kalina cycle [31] in the tested ambient temperature range. It is estimated that the annual average thermal efficiency of the former is around 20e30% higher than the latter according to the results shown in Fig. 8 (c) . This can be attributed to the lower power consumption by the fans of the air-cooled condenser in the composition-adjustable ORC system studied in this research.
Similarly, the results of the corresponding conventional ORC cycle operating at a fixed composition temperature and condensation temperature based on the maximum summer ambient temperature are also shown in Fig. 8(c) , which is expected to have an approximately constant thermal efficiency over the year. It can be seen that the proposed composition-adjustable ORC system can achieve significantly higher thermal efficiency than conventional ORC system as the ambient temperature decreases. According to the results shown in this figure, it is estimated that the annual average thermal efficiency of the composition-adjustable ORC is around 30e36% higher than its conventional counterpart. This agrees with the prediction using a simplified model in Ref. [30] . A comparative study with the composition tuning method is very complex if the condensation temperature of the conventional ORC or Kalina cycle using the zeotropic mixture also varies with the ambient temperature, which is beyond the scope of this paper. Fig. 8 (d) shows the calculated maximum exergy efficiency of the proposed system as a function of the ambient temperature. The exergy efficiency of the composition-adjustable ORC increases as the ambient temperature decrease. Similar to Fig. 8(c) , the results of the composition-adjustable Kalina cycle using an ammonia/water mixture as working fluid [31] are also given in Fig. 8(d) . Some investigations reported that the exergy efficiency of a Kalina cycle using ammonia/water is better than that of an ORC using R245fa [35] , which agrees with our results when the ambient temperature is below around 20 C as shown in Fig. 8(d) . However, the tested Kalina cycle seems to have a lower thermal efficiency than a conventional ORC when the ambient temperature is above 20 C. This is due to the fact that the ammonia mass fraction decreases dramatically when the ambient temperature is above 20 C, leading to a decrease of net power output of the turbine.
Most conventional ORC systems are designed with a fixed condensation temperature/pressure. The condensation pressure is normally higher than the atmospheric pressure. Therefore, such a conventional ORC operating with a single working fluid has to be designed based on the maximum air temperature in summer to ensure the working fluid will be fully condensed in the condenser throughout the year. As the season shifts from summer to winter, the ambient temperature decreases. The working fluid in the condenser will potentially be subcooled due to the excessive cooling provided by the colder ambient air or water in winter. This will increase the heat input at the evaporator and reduce the cycle efficiency. To avoid such undesired subcooling, the flow rate of coolant passing the condenser normally needs to be reduced to keep the temperature of the working fluid close to the designed condensation temperature that is imposed by the condensing pressure. The power consumption of the fans of the air-cooled condenser reduces accordingly. On the other hand, because the temperature and the mass flow rate of the brine at the inlet of the evaporation is fixed in our analysis, the thermodynamic states and the mass flow rate of the working fluid inside the conventional ORC system is fixed, leading to a constant power output of the turbine. Normally, the power output of the turbine is significantly greater than the power consumption of the fans. Therefore, the change of the power consumption of the fans was negligible in this study and the net power output of the conventional ORC remains more or less constant as the ambient temperature changes. As the heat input to the evaporator remains constant, the thermal efficiency is approximately constant. However, because the "dead state" [36] for exergy calculation is based on the ambient temperature, the exergy of the geothermal heat source increases when the ambient temperature drops. Since the net power output keeps constant, the exergy efficiency of the conventional ORC decreases as the ambient temperature falls according to the second law of thermodynamics. Fig. 9 (a) presents the net power output of the compositionadjustable ORC system as a function of the ambient temperature. It increases and then decreases as the ambient temperature decreases, and reaches the maximum when the ambient temperature is 8.8 C. Fig. 9(b) shows the relationship between the mass fraction of R134a in Stream 2 and the ambient temperature. The dynamic composition control strategy will adjust the mass fraction of R134a in Stream 2 based on this relationship when the ambient temperature varies. The corresponding density of Stream 2 is shown as a dome shape in Fig. 9(b) because the temperature of Stream 2 varies with the ambient temperature while its pressure remains constant. Fig. 9(c) shows the calculated power production of the turbine, and the calculated power consumption of Pump 1 and the fans of the air-cooled condenser. The power consumption of the fans is calculated using the same method as Eq. (22) in Ref. [31] . The power consumption of the fans increases evidently as the ambient temperature drops because of the increment of the mass flow of the air, which is caused by the increase of the mass fraction of R134a. As the power of the turbine first increases and then decreases as the ambient temperature decreases, the net power has a similar tendency. Fig. 9(d) presents the mass flow rates of the zeotropic mixture in the ORC system and the air passing the condenser. The mass flow rate of the working fluid in the ORC system firstly increases and then decreases as the ambient temperature decreases. The mass flow rate of air passing the condenser dramatically increases the ambient air temperature drops to below around 10 C. Fig. 9 (e) shows the heat transfer in the evaporator and the temperature of the geothermal brine at the outlet of the evaporator. The heat transfer via the evaporator firstly increases and then decreases as the ambient air temperature decreases, which results from the variation of the mass flow rate of the working fluid in the ORC system as shown in Fig. 9(d) . Consequently, the temperature of the geothermal brine exiting the evaporator firstly decreases and then increases as the ambient temperature decreases.
Essentially, as the ambient temperature decreases, the corresponding temperature at the inlet of the evaporator also decreases. However, the mass fraction of R134a and the pressure of the zeotropic mixture in the evaporator increases. Using the pinch point analysis method, the variation tendency of the temperature of the brine at the outlet of the evaporator is obtained. Because the boundary conditions listed in Table 2 set the temperature and the mass flow of the brine constant, the heat transfer in the evaporator shows an inverse trend. Fig. 9 (f) presents the heat transfer in the condenser and the air temperature at the outlet of the evaporator. As the ambient temperature increases, the outlet air temperature increases accordingly. However, the heat transfer via the condenser firstly increases and then decreases as the ambient air temperature increases. This can be attributed to the change of load as shown in Fig. 9 (e).
Dynamic composition control strategy
The composition-adjustable ORC needs to regulate the composition of the zeotropic mixture when the ambient temperature changes. Therefore, a dynamic composition control strategy based on an optimisation algorithm is proposed in this section. It is assumed that the amount of the zeotropic working fluid can be circulated around the ORC system in 5 min. In this study, this value is specified based on the charge of working fluid in the main ORC [30] and the mass flow rate of Pump 1. It is assumed that the entire charge can be circulated completely within this time interval. Normally, the transient processes of an ORC take several minutes [37, 38] . It may be not enough for the main ORC to be stabilized within 5 min because of the thermal inertia of the heat exchangers. However, if the composition of the zeotropic mixture can be tuned to follow the optimal value based on the ambient temperature, it will be beneficial for the control of Pump 1 and the fans of the condenser. In practice, the updated frequency of the zeotropic mixture is determined by the bulk volume of the working fluid inside the main ORC circuit and the mass flow rate of Pump 1. The sample frequency of the distillation system should take into account this updated frequency and the variation characteristics of the ambient temperature. The composition control strategy can sample the ambient temperature and control the mass flow rates in a step of every 5 min. First, the required mass fraction of R134a in Stream 2 is optimised according to the ambient temperature as described in the above sections. In the mixer, the mass and composition balances can be represented by The main ORC system is already optimised and assumed to operate along the OOL line shown in Fig. 8 in the above section. The purpose of this study is to investigate the dynamic control strategy of its subsystem, i.e., the composition tuning subsystem. Firstly, we need to determine the corresponding mass flow rates of Streams 6, 10, and 11, respectively, so that the main ORC system can operate along the OOL line. In this section, an optimisation algorithm has been developed and the objective is to minimize the total mass flow rates of Streams 6, 10, and 11. 
The boundary conditions are that the mass flow rates of these three streams must not be negative. 
where
Àx 2 ðiÞm 2 ðiÞ. Based on this dynamic composition control strategy, the results of the mass flow rates of Streams 6, 10, and 11 are calculated and shown in Fig. 10 when the ambient temperature in the autumn/spring is used as the input data. Fig. 11 shows the mass flow rates for the summer and the winter cases. It can be seen that all the mass flow rates of Streams 6, 10, and 11 are less than 3 kg/s, which are much lower than the mass flow rate of working fluid in the ORC system (around 40e50 kg/s) as shown in Fig. 7(c) . The dynamic composition control strategy increases the mass flow rate of Stream 10 if the ambient temperature drops. Otherwise, the mass flow rate of Stream 11 is increased. The mass flow rate of Stream 6 extracted from the ORC system is used to balance the composition of Stream 2. In most of the cases, only stream 10 is added when the concentration of R134a in Stream 2 needs to be enriched and only stream 11 is pumped to decrease the mass fraction of R134a. 
Dynamic response characteristics

Design of distillation column
The results obtained by the dynamic composition control strategy show that the mass flow rate of Stream 6 changes abruptly with time. However, the distillation process in the distillation column takes time. Therefore, Steam 6 is not suitable to be directly fed to the distillation column. Instead, Tank 2 is added at the inlet of the distillation column to buffer the fluctuation of Stream 6. Tanks 3 and 4 are also added at the outlets of the distillation column to store the separated components temporarily. In this study, it is assumed that Tank 2 stores the mixture from Stream 6 for a whole day and an average mass flow is pumped to the distillation column at the next day. In this way, the mass flow rate into the distillation column can be kept stable during a day and it is very helpful for the steady operation and size reduction of the distillation column. Based on the results of Figs. 10 and 11 , the daily average mass flow into the column is calculated as 0.309 kg/s for the spring/autumn cases and the corresponding mass fraction of R134a is 0.366. In the summer, the daily average mass flow rate is calculated as 0.332 kg/s and the corresponding mass fraction is decreased to 0.145. In the winter, the daily average mass flow rate is obtained as 0.339 kg/s and the corresponding mass fraction is increased to 0.783. To keep a certain margin for the column design, the maximum mass flow is selected as 0.44 kg/s.
Using the above data as an input, the main parameters of the distillation column are designed using Aspen Plus V8.8 software. The steady state model is shown in Fig. 12 . This model has been validated using a zeotropic mixture of propane/isobutene with the model in Ref. [39] and the steady errors are less than 1.5%. Afterwards, the working fluid is replaced with R134a/R245fa which is used in this research. The input parameters of the Aspen model are listed in Table 3 . The purities of the two streams at the outlets of the distillation column are set as 0.98 for this analysis. The number of trays of the column is set to be 16 after several attempts. The mixture flows into the distillation column at the 8th tray. The height of each tray is specified as 0.25 m. The calculated diameters of the column are 0.38, 0.34, and 0.39 m for the cases in spring/ autumn, the summer, and the winter, respectively. Therefore, the final diameter of the column is set as 0.38 m. Then, the operation performance of the distillation column in different seasons is evaluated and shown in Table 4 . It can be seen that the required purities are satisfactory for both streams at the outlets of the distillation column. The operational parameters inside the distillation column are shown in Fig. 13 when the ambient temperature in spring/autumn is used as an example. The tray at the top of the column is numbered as no. 1, so the tray at the bottom is numbered as no. 16. The working temperature and pressure of the zeotropic mixture rises gradually as the stage increases while the mass fractions of R134a in the gaseous and liquid fluids are both decreased.
The energy consumption of the reboiler and the condenser of the distillation system are shown in Table 5 . The heat consumption of the reboiler is always below 130 kW under all tested conditions, which is around 1% of the heat input to the evaporator (i.e. around 9e15 MW) of the main ORC system. The results of the power consumption of the pumps of the distillation system are listed in Table 6 . Compared with the power consumption of the main ORC, the corresponding power input are negligible because the mass flow rates of these pumps are very small. For the Pumps 2, 4, and 5, the values are the maximum power consumption corresponding to the results of Figs. 10 and 11. In Aspen Plus environment, the model of the condenser of the distillation column is cooled by water and only the heat duty can be obtained. If an air-cooled condenser is used for the distillation column, the power consumption of the condenser can be evaluated using the same method as the aircooled condenser of the main ORC. The cost of the distillation system has been discussed in reference [30] . Therefore, in this study, we only focus the thermodynamic performance of the distillation system. Tanks 2, 3 and 4 are used to buffer the mass flows into and out from the distillation column. The volumes of Tanks 2, 3, and 4 must be evaluated based on all seasons. According to the results in Section 5.2, the response time of the distillation column is less than 6 h. If the mass flow rate of Pump 3 updates every 6 h, the volumes of these tanks can be less than 5.5 m 3 . On the other hand, similar to reference [30] , if the charge of working fluid is set to 6000 kg, which only takes up about 4.8 m 3 in liquid form. If all the working fluid in the main ORC is changed from R134a to R245fa, the required volumes for Tanks 2, 3, and 4 are also less than 5.5 m 3 . In practice, the volumes of the tanks need to be specified according to the buffered bulk mass and the charge in the main ORC.
Dynamic performance of distillation column
The mass flow rate entering into the distillation column can be kept steady within a day according to the dynamic composition control strategy. However, the ambient temperature differs between any two continuous days. Therefore, it is necessary to analyse the dynamic response of the distillation subsystem when the ambient temperature varies day-to-day. In this study, two extreme Output pressure 1.5 MPa situations are specified: Case 1 assumes the ambient temperature changes from a day in spring/autumn to a day in summer. Case 2 assumes the temperature transits from a day in spring/autumn to a day in winter.
A dynamic model of the distillation column is established using Aspen Plus Dynamics to analyse the system response characteristics in these two extreme scenarios. Fig. 14 shows the dynamic model including the control system. The dynamic model of the distillation column is validated using a zeotropic mixture of propane/isobutane as shown in Ref. [39] and the maximum difference of the response time is less than 3 min. Then, the working fluid is changed to R134a/R245fa and all the control parameters are recalibrated. The controller of the distillation column is a multi-input and multi-output control system and it can be decoupled to four main single-input and single-output controllers shown in Fig. 14 Fig. 15 . The profile of the mass flow rate of the mixture entering into the distillation column is shown in Fig. 15(a) , and it is stepped from 0.309 to 0.332 kg/s at the second hour. The variation of the corresponding mass fraction of R134a is shown in Fig. 15(b) , and its concentration decreases from 0.366 to 0.145. These two profiles are used as input data for the dynamic model. The mass flow rates of Streams 8 and 9 are shown in Fig. 15 Fig. 15(h) . It can be seen that the output impurities of the distillation column can satisfy the requirements during the dynamic process and the response time of the distillation column is less than 4 h.
The results of Case 2 are shown in Fig. 16 . In this case, the mass flow rate of mixture into the column changes from 0.309 to 0.339 kg/s while the mass fraction of R134a steps dramatically from are slightly greater than 2% but it does not have a great effect on the system performance. The response time of Case 2 is a bit larger than Case 1 but it is still less than 6 h due to a larger magnitude of variation in the mass fraction of R134a shown in Fig. 16(b) .
It should be noted that these cases are two worst-case scenarios. In reality, the ambient air temperature does not change dramatically. Hence, the required adjustment of composition will be much less than two envisaged cases above. Furthermore, we will only need to adjust the composition once per day to match ORC system with the average ambient temperature in either daytime or nigh time as shown in Fig. 6 . Therefore, the response time of the designed distillation system is short enough to satisfy the requirement.
Investigations indicated that the dynamic response time of an ORC is normally from several minutes to over 10 min [37, 38] . If the distillation column is connected with the main ORC without Tanks 2, 3, and 4, the purities of Streams 10 and 11 cannot satisfy the realtime requirements because the response time of the distillation column is a couple of hours, which is verified by the dynamic model in the Aspen Plus Dynamics. Therefore, Tanks 2, 3, and 4 together with Pumps 2, 4, and 5 are added. In this way, the dynamic control of the distillation system can be decoupled from the main ORC. The input of the distillation is updated in a very long-time interval (24 h in this study) and the outputs of the distillation can always maintain at a high level of purity. On the other hand, the ambient temperature normally does not change significantly in half an hour. Accordingly, the composition of mixture varies relatively slowly. Since the mass fraction of the mixed working fluid changes, the evaporation pressure and the superheat degree may change during the transient process of the main ORC. Therefore, the optimised results of the mass flow rates may be different from that shown in Figs. 10 and 11 . However, we can use the same method presented in Sections 3 and 4 to determine these mass flow rates in real-time applications. Tanks 2, 3, and 4 can buffer these variations. Furthermore, the results in this section indicate that the dynamic performance of the distillation system can satisfy with the extreme variations of the ambient temperature from spring/autumn to summer or winter. Therefore, it is feasible for the designed dynamic control strategy of the distillation system to follow the requirements of the composition change caused by the transient process of the main ORC when the ambient temperature changes.
Conclusions
In this paper, a dynamic composition control strategy has been proposed and analysed for a composition-adjustable ORC system using zeotropic mixture as working fluid. This method employs a distillation column to separate the two components of the mixture. One of the obtained component fluids will then be pumped back to the main ORC system to adjust the composition of the zeotropic mixture to the required level according to the ambient temperature. The dynamic composition control strategy is simulated using an optimisation algorithm. The design method of the distillation column is presented and the dynamic response characteristics of the distillation column has been analysed. The main conclusions are summarised as follows: 1) As the temperature glide of the zeotropic mixture consisting of R245fa and R134a is too small to use a separator separate them like Kalina cycle, a distillation column is proposed to separate the mixture. The obtained high purity R245fa and R134a can then be used to regulate the composition of the zeotropic mixture in the main ORC system. The results indicate that it is a suitable method for control the composition of this ORC system. 2) For power generation from low-temperature geothermal sources, a composition-adjustable ORC with zeotropic mixture can reduce the losses in the condenser and improve the system thermal efficiency as well as net power output significantly.
Comparing with a conventional ORC system, the annual average system thermal efficiency can be significantly increased as the ambient temperature decreases when the season changes from summer to winter.
3) The simulation results of the composition-adjustable ORC have also been compared with a composition-adjustable Kalina cycle using ammonia/water as working fluid. The research shows that the former can potentially be 20e30% more efficient than the latter, showing that the composition-adjustable ORC using a zeotropic mixture of R245fa/R134a as working fluid has great potential for efficient power generation from low temperature geothermal energy sources. 4) The proposed dynamic composition control strategy can regulate the composition of the zeotropic mixture of the main stream according to the ambient temperature. The mass flow rate extracted to the distillation column is far less than that of the main stream of the ORC system. Therefore, the size and energy consumption of the distillation column are relatively small. The extra heat consumption by the distillation column is only around 1% of the heat input to the ORC system. 5) The designed distillation column can separate the zeotropic mixture during the dynamic control process when the ambient temperature varies from day to day and the purities can be controlled at around 98%. The dynamic response time of the distillation column increases as the difference of the day-to-day ambient temperature variation increases. The required response time is in the range of 4e6 h for envisaged worst-case of scenario. The actual required response time will be much less. Furthermore, considering only composition adjustment will be required for each day, the dynamic performance of distillation system can satisfy the requirements. 
